ABSTRACT This study was designed to assess the time-dependent change in propensity to induction of malignant ventricular tachyarrhythmia after myocardial infarction. Instrumented conscious dogs were assessed during serial drug-free electrophysiologic studies over 26 9 days (range 17 to 35 days) after 2 hr occlusion-reperfusion of the left anterior descending coronary artery. Of the 19 animals studied, 11 continued to have sustained ventricular tachyarrhythmias inducible (group I) over this time period. In the eight remaining animals, spontaneous loss in the ability to induce sustained ventricular tachycardia occurred (group II 
VENTRICULAR TACHYARRHYTHMIAS are responsible for the majority of sudden cardiac deaths in the posthospital phase after myocardial infarction. 1 The relative risk of sudden cardiac death (per unit of time) is greatest in the first few months after discharge from the hospital.2 Almost 60% of the 6 month mortality after infarction occurs within 2 months after hospital discharge.3 Recent studies have reported that during the chronic healing phase, time-dependent electrophysiologic changes occur and mediate a decreased propensity to ventricular tachycardia.3-5 While the electrophysiologic characteristics have been extensively examined during and early after infarction, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] the time course of changes in electrophysiologic characteristics of the infarct and border zones late after infarction have not been systematically assessed in vivo. Accordingly, electrophysiologic studies were performed in 19 conscious instrumented dogs beginning 4 days after occlusion-reperfusion injury and serial electrophysiologic studies were repeated at 4 to 5 day intervals.
Methods
Preparation. Mongrel dogs weighing between 17 and 25 kg were anesthetized with pentobarbital followed by a mixture of nitrous oxide and halothane and ventilated with a Harvard respirator. A thoracotomy was performed in the fifth interspace of each, a pericardial cradle was produced, and the left anterior descending coronary artery was dissected free at the tip of the left atrial appendage. A noose occluder was placed around the left anterior descending coronary artery. A transient occlusion (30 sec) was made so that the area of myocardium that was likely to be infarcted could be visualized. Silver-silver chloride electrodes were sutured to the epicardial surface with an interelectrode distance of 5 mm: one pair in the right ventricular pulmonary outflow tract, two pairs in the center of the infarct zone, and one pair in the border zone. In addition a quadripolar endocardial catheter was introduced through the apex of the right ventricle and manually adjusted to of the right ventricle. Transmural sutures were used to maintain this position. Two heparinized end-hole catheters were placed, one in the right atrial appendage and one in the left ventricle. The electrode attachments and external occluder were tunnelled through the muscle layer and externalized on the back. The chest was closed in layers. After Electrograms were recorded at a paper speed of 100 mm/sec and measurements were made from five complexes and averaged.
Repolarization time was similarly measured during constant-rate ventricular pacing and measured as the QT interval of the electrogram. This was measured from the onset of the surface QRS to the termination of the QT interval of the electrogram. In some animals the QT intervals recorded in the infarct zone were of a lower amplitude than those recorded in the normal zones. Because of this lower amplitude it is possible that significant changes within this zone may occur that would not be measurable. However, in the majority of animals electrograms were sharply demarcated and the termination of the T waves could be well defined ( figure 1 ). An additional issue is whether the electrogram QT interval measures local phenomena or far-field activity. This issue is not addressed in this study. However, the extent far-field view depends on interelectrode distance. To minimize the probability of visualizing far-field activity the interelectrode distance in this study was 5 mm. Haus et al.18 assessed the relationship between electrogram QT interval duration and ventricular refractoriness measured at that site and found a close correlation. It is therefore likely that the recorded electrograms measure relatively local events. Levine et al. '9 assessed the field of view when recording from a monophasic action potential catheter. By use of this technique it was estimated that the field of view was 3 to 6 m-m away from this recording electrode.
Ventricular refractoriness in the present study was assessed by the extrastimulus technique and measured at all five bipolar electrode sites. Induction of sustained ventricular tachyarrhythmias was attempted with use of single, double, and triple extrastimuli from the right ventricular endocardial site. If sustained ventricular tachycardia was not induced from this site then programmed electrical stimulation was repeated while pacing from all electrode sites in the infaret zone and the border zone. mals. Despite the relatively small number of animals studied it was possible to divide the animals into three pathologic groups based on histology. Group A animals had extensive near-transmural necrosis but sparing of the subendocardial regions (figure 5, A), group B animals had islands of viable and ischemic myocardium surrounded by granulation tissue ( figure 5, B) , and group C animals had advanced collagen formation rather than necrosis or granulation tissue ( figure 5, C) . Group A animals all had sustained ventricular tachyarrhythmias inducible with a single extrastimulus in the first study. Three of the four group A animals continued to have ventricular tachycardia inducible throughout follow-up. Of the five group B animals (patchy necrosis), three had sustained ventricular tachyarrhythmias inducible throughout follow-up and two did not. As expected from the histologic findings, animals in group C generally died later after infarction than did group A animals (28 ± 8 and 20 + 17 12 days. Discrepancies in time-dependent changes in inducibility are also noted in other studies. 13' 17 These discrepancies appear to be related to variability in the number of extrastimuli and/or the number of sites at which stimulation is introduced. Karagueuzian et al. observed that beyond 5 Data from this study and from recent studies in man5 support the concept that during the long-term healing phase after myocardial infarction there are progressive changes in the electrophysiologic milieu that parallel a progressive decrease in propensity for induction of malignant ventricular arrhythmia. Differential patterns of time-dependent electrophysiologic changes in the infarct zone conduction and refractoriness and border zone repolarization time were observed when comparing group I and group II animals. In the present study, prolongation of conduction within the infarct zone was seen in animals with continued inducibility, but no significant time-dependent change was seen in animals who lost inducibility. Spear et al. 15 studied the time-dependent electrophysiologic changes occurring late after myocardial infarction in a similar dog preparation. They used techniques in vitro to assess electrophysiologic measures of conduction velocity, resting membrane potential, and repolarization time. In that study time-dependent improvement in resting membrane potential, rate of depolarization, and conduction velocity was noted from 5 to 15 days after infarction, but localized areas of slow conduction persisted. However, in Spear's study time-dependent electrophysiologic changes were not related to changes in inducibility that occur over time.
We also noted a differential pattern of change in ventricular refractoriness in the infarct zone when comparing group I and group II animals. Ventricular refractoriness shortened over time in group I animals, while in group II animals there was no significant change. In addition, a differential pattern of timedependent change in the repolarization time in the border zone was seen on comparison of group I and group II animals. In animals that continued to be inducible there was no significant change in repolarization time in the border zone. In contrast, in animals in whom ventricular tachycardia could no longer be induced there was a progressive shortening of repolarization time in this region. While we recognize that a border zone may not exist when assessing histology, functional abnormalities appear to exist in zones bordering an The mechanism(s) underlying the time-dependent changes in electrophysiologic characteristics in sur viving cells adjacent to areas of myocardial infarction are uncertain. We noted marked interindividual variability in both the histopathology of myocardial infarction and in the rate of its healing. Similar interindividual variability in healing rates have also been shown in man. 27 The healing process could have altered the cellular constituents underlying the bipolar electrodes in this study. Alteration of the cellular constituents (inflamatory cell) or metabolism could alter the repolarization process. There are a number of potential explanations for differences in the time-dependent changes in ventricular electrophysiologic characteristics of group I and group II animals. First, the larger infarct size seen in group I animals would be expected to increase the extent of wall motion abnormalities.
Lab28-31 has previously reported that wall motion abnormalities can alter action potential characteristics, and diastolic stretch has been shown to shorten action potential duration and cause depolarization. Abnormalities of systolic shortening (dyskinesia) can also alter action potential duration and may be associated with the development of afterdepolarizations. These wall motion abnormalities may perpetuate electro 218 CIRCULATION physiologic conditions predisposing to reentry. Second, wall motion abnormalities could activate ventricularmechanical neural receptors, resulting in change in autonomic nervous system tone.3>34 Alternative mechanisms for time-dependent changes also relate to the healing process. In animals with large myocardial infarctions the healing process may cause a wide separation in individual myocardial fibers and produce inexcitable gaps. 17 This anatomic change could enhance or maintain inducibility.17 This study does not specifically address which of these mechanisms is operative in these animals. Moreover, time-dependent electrophysiologic changes were manifest in both group I and group II animals. It is plausible that progressive changes seen in group I animals result in loss of inducibility during longer term follow-up studies.
There are a number of clinical implications of this study. Results of programmed electrical stimulation have been reported to change progressively over the first few months after the infarction,5 and there is marked interindividual variability in the rate of progression of these electrophysiologic changes. Therefore, the response to programmed electrical stimulation in patients after infarction may vary widely depending on the exact timing of study after infarction. The second implication of this study is that an individual's propensity to sustained ventricular tachyarrhythmias after acute infarction may only be manifest when programmed ventricular stimulation is done from the left ventricle. These data are in keeping with similar observations reported in canine preparations of infarction38 and in some patients with ventricular tachycardia.39' 40 However, the extent to which left ventricular stimulation enhances the induction of ventricular tachyarrhythmia after myocardial infarction appears to be less important41 in man than is seen in animal preparations. Overall, site specificity may be more important in experimental myocardial infarction. Finally, a critical determinant of whether the propensity to ventricular tachycardia resolves over time is size of myocardial infarction and extent of left ventricular dysfunction. These data are in keeping with clinical observations that the presence of left ventricular dysfunction is a major determinant of risk for sudden death after infarction. 42 The time-dependent changes in electrophysiologic variables and propensity to ventricular tachycardia seen in this preparation should be taken into consideration when serial drug studies are done to evaluate efficacy and electrophysiologic activity of antiarrhythmic drugs in this or similar dog preparations. Unless these timedependent features are taken into consideration, one could falsely interpret a loss of inducibility as reflecting antiarrhythmic activity when this change may really only relate to a time-dependent healing phenomena. An experimental design that minimizes the contribution of these time-dependent changes in electrophysiologic responses after infarction should allow serial antiarrhythmic drugs to be administered in a randomized sequence and a drug-free electrophysiologic study should immediately precede each drug trial to document the ongoing ability to induce sustained ventricular tachycardia.
In conclusion, after acute myocardial infarction in conscious dogs, time-dependent electrophysiologic changes occur that are associated with a progressive decrease in ability to induce ventricular tachyarrhythmias. A critical determinant of whether propensity to ventricular tachycardia induction resolves over time is size of myocardial infarction.
